A model for N 2 Vegard-Kaplan band (
Introduction
Emissions from excited states of N 2 have been studied extensively in the terrestrial airglow and aurora (e.g., Sharp, 1971; Conway and Christensen, 1985; Meier , 1991; Morrill and Benesch, 1996; Broadfoot et al., 1997) . But the absence of any emission feature of N 2 during Mariner observations of Mars (Barth et al., 1971) surprised the planetary scientists who attributed it to the low fractional abundance by volume of molecular nitrogen on Mars (Dalgarno and McElroy, 1970) . Earlier, N 2 emissions on Mars were predicted by Fox and co-workers (Fox et al., 1977; Fox and Dalgarno, 1979) , who suggested that a high resolution UV spectrometer could detect the N 2 UV emissions on Mars. Fox and Dalgarno (1979) In the terrestrial atmosphere emission from Vegard-Kaplan (VK) bands are weak due to efficient quenching by atomic oxygen, but CO 2 is not good at quenching VK bands (Fox and Dalgarno, 1979; Dreyer et al., 1974) , so the intensity of these band should be appreciable in Martian airglow. (Leblanc et al., 2006 (Leblanc et al., , 2007 . The main emissions observed are (0, 5) , (0, 6) , and (0, 7) bands of VK system, which originate from triplet A 3 Σ + u state of excited N 2 molecule. The overhead intensity of the N 2 VK (0, 6) band derived from the intensity observed by the SPICAM is found to be ∼3 times smaller than the intensity calculated by Fox and Dalgarno (1979) .
There have been several measurements of electron impact cross sections of triplet states of N 2 since Fox and Dalgarno (1979) bands. Limb profiles of VK (0, 5) , (0, 6) , and (0, 7) bands are calculated. The limb profile of VK (0, 6) band is compared with that reported by the SPICAM observations. The present model has been used recently to estimate the N 2 triplet band intensities on the Venus (Bhardwaj and Jain, 2011) . (X 1 Σ + g ) to the A 3 Σ + u state is dipole forbidden, so photoelectron impact is the primary excitation source for this state. In addition to the direct excitation from the ground state, cascade from higher triplet states C, B, W , and B are also important. All excitations of higher triplet states will eventually cascade into the A 3 Σ + u state (Cartwright et al., 1971; Cartwright, 1978) . The width and shape of VK bands are quite sensitive to the rotational temperature, making them useful as a monitor of the neutral temperature of the upper atmosphere (Broadfoot et al., 1997) .
All transitions between the triplet states of N 2 and the ground state are spin forbidden, therefore excitation of these states is primarily due to the electron impact. The higher lying states C, W , and B populate the B state, which in turn radiates to the A state. Inter-system cascading B 3 Π g A 3 Σ + u and B 3 Π g W 3 ∆ u is important in populating the B state (Cartwright et al., 1971; Cartwright, 1978) .
Direct excitation of the ν = 0 vibrational level of the A 3 Σ + u state by electron impact is extremely small, because Frank-Condon factor to the ν = 0 level of the ground electronic state, q 00 , is only 9.77 × 10 −4 (Gilmore et al., 1992; Piper , 1993) . Contributions to ν = 0 level of A state come from the higher states cascading. We have also included E → B, E → C, E → A, B → W , and reverse first positive A → B cascading in our calculation. The effect of reverse first positive transition is important in populating the lower vibrational levels of B state, which in turn populate the lower vibrational levels of the A state (Sharp, 1971; Cartwright et al., 1971; Cartwright, 1978) . Thus, to calculate the production rate of any vibrational level of triplet state of N 2 , one must take into account direct excitation as well as inter-state cascading effects.
Model Input Parameters
The model atmosphere considering five gases (CO 2 , CO, N 2 , O, and O 2 ) is taken from the Mars Thermospheric General Circulation Model (MTGCM) of Bougher et al. (1990 Bougher et al. ( , 1999 Bougher et al. ( , 2000 for a solar longi-tude of 180 • , latitude of 47.5 • N, and at 1200 LT; and is same as used in the study of Shematovich et al. (2008) . The EUVAC model of Richards et al. (1994) has been used to calculate the 37-bin solar EUV flux for the day of observation, which is based on the F10.7 and F10.7A (81-day average) solar index. The F10. by Brunger et al. (2003) . We have taken the N 2 triplet states cross sections from Itikawa (2006) , which have been fitted analytically using equation (cf. Jackman et al., 1977; Bhardwaj and Jain, 2009) 
where q 0 = 4πa 0 R 2 and has the value 6.512 × 10 −14 eV 2 cm 2 . Table 1 shows the corresponding parameters. Fig. 2 shows the fitted cross sections of the N 2 triplet A, B, C, and W states along with the recommended cross sections of Itikawa (2006 4 Model Calculation
Photoelectron Production Rate
Primary photoelectron production rate is calculated using
where σ A l and σ I l (j, λ) are the total photoabsorption cross section and the photoionization cross section of the jth ion state of the constituent l at wavelength λ, respectively; I(∞, λ) is the unattenuated solar flux at wavelength λ, n l is the neutral density of constituent l at altitude Z; sec(χ) is the Chapman function, χ is the solar zenith angle (SZA); δ(hc/λ − E − W jl ) is the delta function, in which hc/λ is the incident photon energy, W jl is the ionization potential of jth ion state of the lth constituent, and E is the energy of ejected electron. We have used sec(χ) in place of ch(χ), which is valid for χ values upto 80 • . Figure 3 shows the primary photoelectron energy spectrum at three different altitudes. There is a sharp peak at 27 eV due to the ionization of CO 2 in the ground state by the He II solar Lyman α line at 303.78Å. The peaks at 21 and 23 eV are due to ionization of CO 2 in the A 2 Π u and B 2 Σ + u states of CO + 2 , respectively, by the 303.78Å solar photons. The individual peaks structure shown in the figure are different from that of Mantas and Hanson (1979) , which is due to revisions in the branching ratios (Avakyan et al., 1998) used in the present study.
Photoelectron Flux
To calculate the photoelectron flux we have adopted the Analytical Yield Spectra (AYS) technique (cf. Singhal and Haider , 1984; Bhardwaj et al., , 1996 Singhal and Bhardwaj , 1991; Bhardwaj , 1999 Bhardwaj , , 2003 Bhardwaj and Michael , 1999a,b) . The AYS is the analytical representation of numerical yield spectra obtained using the Monte Carlo model (cf. Singhal et al., 1980; Bhardwaj and Michael , 1999a,b; Bhardwaj and Jain, 2009) . Recently, the AYS model for electron degradation in CO 2 has been developed by Bhardwaj and Jain (2009) . Further details of the AYS technique are given in Bhardwaj and Michael (1999a) , Bhardwaj and Jain (2009) , and references therein. Using AYS the photoelectron flux has been calculated as (e.g. Singhal and Haider , 1984; Bhardwaj and Michael , 1999b) 
where σ lT (E) is the total inelastic cross section for the lth gas, n l is its density, and U (E, E 0 ) is the twodimensional AYS, which embodies the non-spatial information of degradation process. It represents the equilibrium number of electrons per unit energy at an energy E resulting from the local energy degradation of an incident electron of energy E 0 . For the CO 2 gas it is given as (Bhardwaj and Jain, 2009)
Here 
Results and discussion

Volume excitation rates
We have calculated volume excitation rate V il (Z, E)
for the ith state of the lth gas at altitude Z and energy E using the equation (Singhal and Bhardwaj , 1991; Bhardwaj , 1999 Bhardwaj , , 2003 Bhardwaj and Michael , 1999b )
where n l (Z) is the density of the lth gas at altitude Z and σ il (E) is the electron impact cross section for the ith state of the lth gas, for which the threshold is E th . Figure 1996) and Cartwright (1978) and by CO 2 and CO are taken from Dreyer et al. (1974) . After calculating the steady state density of different vibrational levels of excited states of N 2 , the volume emission rate V αβ ν ν of a vibration band ν → ν can be obtained using
where n α ν is the density of vibrational level ν of state α, and A αβ ν ν is the transition probability (s −1 ) for the transition from the ν level of the α state to the ν level of the β state. Figure 5 (bottom panel) shows the volume emission rates for the VK (0, 4), (0, 5) , (0, 6) , and (0, 7) bands. We have integrated the volume emission rates over the altitudes 80 − 400 km to obtain the overhead intensity for various VK bands of N 2 , which are tabulated in Table 2 (standard case). Table 3 shows the calculated height-integrated overhead intensities for a few of the prominent bands of
and Wu-Benesch (W → B) emissions.
Line of sight intensity
For comparison of the calculated intensity with SPI-CAM observation we have integrated the calculated emission rate along the line of sight and expressed the results in kR (1 Rayleigh = 10 6 photon cm −2 s −1 )
where V(r) is the volume emission rate (in cm −3 s −1 ) for a particular emission, calculated using equation (9) and r is abscissa along the horizontal line of sight.
The upper limit of the atmosphere in our model is taken as 400 km. While calculating limb intensity we assume that the emission rate is constant along local longitude/latitude. For the emissions considered in the present study, the effect of absorption in the atmosphere is found to be negligible. As mentioned earlier (cf. Leblanc et al., 2007) , the main N 2 emission features observed by SPICAM are (0, 5) and ( Table 2 , VK(0, 7) band would have been more intense than the (0, 5) band. The ratio between calculated intensity of the VK (0, 6) and (0, 5) bands is 1.3, which is in good agreement with the results of Leblanc et al. (2007) and Fox and Dalgarno (1979) . suggested that ratio of the integrated column densities of N 2 and CO 2 between 120 and 170 km, that is the mixing ratio between N 2 and CO 2 for a uniformly mixed atmosphere, would be 0.9% for an overhead intensity of 6 R. For the same altitude range, the ratio of N 2 /CO 2 density is 3.5% and 3.7% in model atmosphere used in the work of Fox (2004) and Bougher's MTGCM, respectively, which is a factor of 4 higher than that suggested by Leblanc et al. (2007) .
To summarize, the above results indicate that the N 2 density in the MTGCM atmosphere, as well as in the model atmosphere of Fox (2004) , has to be reduced by a factor of ∼3 to obtain agreement between the SPICAM observation and the calculated intensity.
Variation with Solar Zenith Angle and
Solar 10.7 flux Table 2 and discussed below. Figure 11 where a reduction in N 2 density by a factor 2 is sufficient to fit the SPICAM observed profile. Thus, the electron impact triplet state excitation cross sections of N 2 also help in constraining the N 2 density in the model atmosphere. 
Electron impact cross sections for the triplet states
Input solar EUV flux model
Model atmosphere
The importance of model atmosphere on the calculated intensities has been demonstrated in Section 5.2.
The N 2 /CO 2 ratio, which describes the abundance of molecular nitrogen in the atmosphere of Mars, is different in different model atmospheres. For the present study we have taken the atmosphere from Bougher's MTGCM (Bougher et al., 1990 (Bougher et al., , 1999 (Bougher et al., , 2000 as used in study of Shematovich et al. (2008) where the N 2 /CO 2 ratio is 2.8, 6.4 and 21% at 120, 140 and 170 km, respectively. Leblanc et al. (2007) suggested that N 2 /CO 2 ratio is higher in the model atmosphere used by Fox and Dalgarno (1979) . The recent models of Krasnopolsky (2002) are characterized by smaller abundances of N 2 than that of Fox and Dalgarno (1979) . The N 2 /CO 2 ratios are 2.6, 3.8, and 8.6% at 120, 140 and 170 km, respectively in Krasnopolsky's model.
We have used the model atmospheres of Krasnopolsky (2002) and Fox (2004) to study the effect of model atmosphere on the VK emission intensities. Figure 11 shows the calculated limb intensity of the VK (0, 6) band for both model atmospheres at SZA 20 • (all other conditions are similar to the standard case). The emission peaks at ∼116 km in the case of Krasnopolsky (2002) , which is almost similar to standard case (∼118 km). But the emission peaks at higher altitude (∼123 km) when the model atmosphere of Fox (2004) is used, which is due to higher CO 2 abundance in her model. The intensities calculated using both models are found to be larger than the observed values. To fit the observed limb profile, the N 2 density in the Krasnopolsky (2002) model has to be reduced by a factor of 2.1, the N 2 /CO 2 ratios thus become 1.3, 1.8, and 4.4% at 120, 140, and 170 km, respectively. In the case of Fox (2004) model atmosphere, the required decrease in N 2 density is a factor of 2.5, which corresponds to the N 2 /CO 2 ratios of 1.1, 1.9, and 5.3% at 120, 140, and 170 km, respectively.
Solar Cycle
The solar cycle is approaching higher solar activity, and MEX is currently orbiting Mars. We therefore hope to observe the effects of higher solar activity on Table 3 .
The calculated solar maximum intensities are larger by a factor of ∼1.5 than those of the standard case, and ∼2.5 times larger than those for Viking conditions. As mentioned in section 5.2, the calculated and observed limb profiles are consistent with each other when the N 2 density in the atmosphere is reduced by a factor of 3. If a similar situation prevails during high solar activity conditions, then the calculated intensity of N 2 VK band system would be smaller by a factor of 2 to 3.
Summary
We have presented models for the intensities of the N 2 triplet band systems in the Martian dayglow. We have (1990, 1999, 2000) . et al. (1994) . During high solar activity, when the F10.7 is similar to those at the times of the Mariner 6 and 7 flybys, the calculated intensities are about a factor of 2.5 larger than those calculated for the low solar activity conditions of the Viking mission. On using the model atmospheres of Fox (2004) and Krasnopolsky (2002) , a decrease in N 2 density in their atmospheric model by a factor of 2.5 and 2.1, respectively, is required to reconcile the calculated VK (0, 6) band limb profile with the observed profile.
The most important parameter that governs the limb intensity of VK band is the N 2 /CO 2 ratio. Constraining the N 2 /CO 2 ratio by SPICAM observations, for different cases of model input parameters, we suggest that the N 2 /CO 2 ratio would be in the range of 1.1 to 1.4% at 120 km, 1.8 to 3.2% at 140 km, and 4 to 7% at 170 km. Our study suggests that most of the at- Singhal, R. P., C. Jackman, and A. E. S. Green (1980) , Table 1 . Intensity (R) Solar Zenith Angle (Degree) (0, 6) Observation Calculation Figure 9 : The variation of the intensity of the N 2 VK (0, 6) emission with respect to solar zenith angle. The observed intensity of the VK (0, 6) band is taken from Figure 2 of Leblanc et al. (2007) . The calculated intensity is averaged-value between 120 and 170 km for the standard case with N 2 density in the atmosphere reduced by a factor of 3. Figure  3 of Leblanc et al. (2007) . The calculated intensity is averaged-value between 120 and 170 km for the standard case with N 2 density in the atmosphere reduced by a factor of 3. (2004) (when the density of N 2 is reduced by a factor of 2.5) and Krasnopolsky (2002) (the N 2 density reduced by a factor of 2.1). The intensity calculated by using the electron impact cross sections of Johnson et al. (2005) is shown when the N 2 density is reduced by a factor of 2.
